The effects of cold drawing on electrical-and mechanical properties of Cu-5 at% Zr alloy were examined as a function of a drawing ratio (), and were discussed in relation to the microstructural evolution under drawing process. Microstructure was changed by drawing into the fine fibrous elongated structure with alternating phases of Cu solid solution (Cu ss ) and Cu 9 Zr 2 intermetallic (Cu 9 Zr 2 ). Electrical conductivity increases by cold drawing up to ¼ 5:9 as compared with that for the as-cast state, whose relative electrical conductivity is 24 %IACS (IACS: international annealed copper standard). The %IACS shows a maximum value of 36% IACS at ¼ 2:2. It was suggested that the microstructural formation of net-like Cu ss phase parallel to the drawing direction enhanced the electrical conductivity by drawing process. Moreover, the strength increased with the increase in the drawing ratio. The increase in the strength can be reasonably explained by the effect of work hardening and the refinement of microstructure. Thus, it was found that the combination of high electrical conductivity of 31$36% IACS and high tensile strength of 1113$1798 MPa was achieved in Cu-5 at% Zr alloy by cold drawing.
Introduction
Copper-based alloys with small amounts of Cr or Zr are known to possess the relatively high strength and high electrical conductivity. Hence, there are many reports on CuCr-Zr ternary system for the purpose of applications such as electrical conductors and connectors. 1) Recently, Kimura et al. have reported that heavily cold worked or cold drawn CuZr alloys with relatively high Zr content from 3 to 5 at% showed the tensile strength of 1350$1800 MPa and electrical conductivity of 30$45% IACS. 2, 3) Their results suggested that the Cu-x at% Zr (x ¼ 3$5) alloys had high possibility for application as electrical conductors with high strength. They pointed out that simultaneous occurrence of both high strength and electric conductivity had a close connection with the lamella or fibrous microstructure structures in cold rolled or drawn Cu-Zr alloys. On the other hand, the development of Cu alloy wires with high conductivity and high strength has been extensively carried out by using colddrawning of Cu-Ag [4] [5] [6] and Cu-Ag-Nb 7) alloys. However, the relation between the microstructural evolution under cold drawing and electrical-and mechanical properties of Cu-x at% Zr (x ¼ 3$5) alloys has not been clarified yet. The strength and electrical conductivity as a function of cold drawing ratio were examined, in this work, to make the origin of such high strength and high electric conductivity clear. We have also reported that the cold-rolling was not performed for the Cu-x at% Zr alloys with x > 7 and the strength is highest for x ¼ 5 among the alloys with x ¼ 3, 4 and 5. 2, 3) Thus in this work the relationship between the electric conductivity and mechanical strength and the cold-drawning was examined for the Cu-5 at% Zr alloy.
Experimental Procedures
The ingot with composition of Cu-5 at% Zr alloy was prepared by arc melting method in an argon gas atmosphere, using high purity Cu (99.99%) and Zr (99.7%). The alloy was cast into the copper mold with a rod shape cavity of 3 mm in inner diameter. Hereafter, the composition of the alloy will be denoted by nominal composition such as Cu-5 at% Zr. The cast alloy rod with diameter of 3 mm was cold drawn to the final diameter of 1 mm, 0.5 mm and 0.16 mm, corresponding to the cold drawing ratio ¼ lnðA 0 =AÞ of 2.2, 3.6 and 5.9, respectively, where A 0 and A are the original and final crosssection areas of the drawn specimens.
The structures of the Cu-5 at% Zr alloys in as-cast and cold-drawn states were examined by X-ray diffraction, optical microscopy (OM) and transmission electron microscopy (TEM). The TEM observation was made by using a transmission electron microscope (JEOL-200EX-) furnished with an energy dispersive X-ray analytical equipment. The optical micrograph (OM) structure was observed after etching for 30 s at 298 K in a mixture of ammonium hydroxide (3.5 cc), hydrogen peroxide (30%; 1.5 cc) and distilled water (5 cc).
Electrical conductivity was measured by a four-probe technique. As a reference material of electrical conductivity, an international annealed copper standard sample with the electrical resistivity of 1.7241 m cm was used. The % international annealed copper conductivity (% IACS) was estimated using the equation assumed as shown below.
where is the electrical resistivity of a specimen obtained by a four-probe technique. Mechanical properties [ultimate tensile strength ( UTS ), 0.2% proof strength ( 0:2 ) and elongation (" p )] were measured at a strain rate of 8 Â 10 À4 s À1 with an Instron type tensile testing machine at room temperature. Figure 1 shows an optical photograph (a) of the transverse cross section of a central part of the as-cast Cu-5 at% Zr alloy rod with a diameter of 3 mm produced by copper mold casting (a) and TEM micrographs (b), (c) and (d) of the alloys cold drawn at ¼ 2:2, 3.6 and 5.9, respectively, where these photographs were taken from longitudinal direction of bar or wire. Dendrite structure is seen in the as-cast alloy as shown in Fig. 1(a) , where the bright area indicates Cu solid solution (Cu ss ) phase and the dark area Cu 9 Zr 2 intermetallic (Cu 9 Zr 2 ) phase. Table 1 indicates the compositions of the bright and dark areas of the as-cast alloy [ Fig. 1 (a)] analyzed by electron probe micro analyzer (EPMA). Zirconium dissolved in the Cu ss phase is only 0.1 at%, which can be expected because it keeps the high electrical conductivity due to the suppression of the solution effect on the electrical property. After cold drawing, development of fibrous structure with alternating phases of Cu ss and Cu 9 Zr 2 and the decrease in diameter of fibers of both Cu ss and Cu 9 Zr 2 phases occurs simultaneously with increasing cold reduction are observed in Fig. 1(b, c, d ), where the simultaneous deformation for both phases of Cu ss and Cu 9 Zr 2 occurs. Figure 2 shows the relationship of the average diameter of fibers between Cu ss and Cu 9 Zr 2 phases. The linear relationship between the fiber diameters of two phases of Cu ss and Cu 9 Zr 2 can be seen clearly. This result implies that the Cu 9 Zr 2 phase is capable of undergoing large plastic deformations. Figure 3 shows the selected area diffraction (SAD) patterns of the cold drawn specimens at ¼ 2:2 (a) and 3.6 (b). The SAD was taken with a 3.5 mm selected area aperture. From the figure, we can identify the crystallographic orientation relationship with the drawing direction. The drawing direction is indicated by an arrow in Fig. 3 . With increasing the drawing ratio, SAD patterns changes from discontinuous ring-like to spot-like reflections. The reflection of Cu ss phase in Fig. 3 shows that h111i Cu becomes parallel to drawing direction with increasing the drawing ratio. The result in Fig. 3 demonstrates that h111i fiber texture of Cu ss phase is formed in Cu-5 at% Zr alloy under cold drawing similar to the drawing texture of pure Cu. Figure 4 shows the TEM micrographs of cold drawn Cu-5 at% Zr at ¼ 2:2 (a) and 3.6 (b) in the cross section of wire perpendicular to drawing direction. In Figs. 3 and 4, equiaxed microstructures can be observed for both specimens with ¼ 2:2 and 3.6. It is also observed in Fig. 4 that the fiber size decreases with increasing drawing ratio. The SAD patterns in Fig. 4 change from spotty pattern to rather continuous rings with increasing the drawing ratio, corresponding to the change in diffraction patterns at the area parallel to the drawing direction with increasing the drawing ratio as shown in Fig. 3 . Figure 5 shows the electrical resistance of cold drawn Cu-5 at% Zr alloy as a function of the drawing ratio () at room temperature. In general, the electrical conductivity is considered to be decreased by cold working due to the introduction of defects like dislocations. 8) Meanwhile, the increase of cold-working ratio causes the increase of electron scattering ascribed to the lattice distortion or internal fault structure, because the phase interfaces act as the walls for scattering of electrons, 9) thereby, the electrical conductivity is presumed to decrease as the microstructure is refined. 
Result and Discussions

Microstructures
Electrical and Mechanical Properties 3.2.1 Electrical conductivity
However, the electrical conductivity increases by cold drawing up to ¼ 5:9 as compared with that for the as-cast state, whose relative electrical conductivity is 24 %IACS. As shown in Fig. 5 , the %IACS shows a maximum value of 36% IACS at ¼ 2:2. As shown in Fig. 1 , microstructure in Cu-5 at% Zr alloy under cold drawing changes into elongated fibrous structure from dendritic structure of as-cast specimen, accompanying with the refinement of structure with drawing ratio. It is also observed that the connection between the same phases and the increase in spacing size for individual phase parallel to the drawing direction under drawing as compared with the dendritic microstructure of as-cast specimen. Previous report deduced that the electronic conduction in the microcomposites was primarily controlled by electronic transmission in Cu ss matrix. Consequently, to obtain the microstructure with the high electronic transmission in composite, continuous Cu ss network structure is more preferable. Based on these considerations, the formation of Cu ss network structure parallel to drawing direction under deformation is to enhance the electronic transmission in Cu ss phase, and results in the higher electrical conductivity by cold drawing as compared with the as-cast state (Fig. 5) . On the other side, the decrease in electrical conductivity with increasing drawing ratio from 2.2 are considered to be ascribed to the affect by the defects like dislocations and interfaces accompanying with the refinement as shown in Figs. 3 and 4. Figure 6 shows the 0.2% proof strength ( 0:2 ) and ultimate tensile strength ( UTS ) as a function of cold drawing ratio () in Cu-5 at% Zr alloy. As expressed in the below equation, the relationship proposed by Embury and Fisher 10) is useful in describing the strength of the drawn alloy consisting of two phases quantitatively. They examined the strength in relation to the microstructural evolution for pearlite, and assumed that the cell interfaces act as the barriers responsible for strengthening in a manner analogous to that of the HallPetch relationship for the effect of grain size as shown below:
Mechanical Properties
where i is the apparent friction stress of matrix, k is equivalent to the Petch slope (essentially a combined measure of the strength of the dislocation barriers and the effectiveness of the stress concentration developed by the slip bands) and c is a geometrical factor relating the mean slip distance to the barrier spacing and r is the mean barrier spacing. Now, supposing that no barriers are generated or existing barriers destroyed, the mean barrier spacing is reduced in proportion to the wire diameter when the wire diameter, r corresponds to the barrier spacing with strain . When the wire is drawn to the diameter of D from the diameter before drawing D 0 , the relationship between the barrier spacing before drawing and after drawing with strains is expressed as eq. (2).
By combination with eqs. (1) and (2), equation (1) is rewritten in the following form.
The term, k= ffiffi ffi c p ffiffiffiffi r 0 p , represents work hardening ratio, reflecting the variation of the initial inter lamellar spacing, chemical compositions and other microstructural factors. In the pearlite steel, the change in strength under cold drawing can be explained by the above eq. (3), in which c in the pearlite steel corresponds to the value of 2. 10) Figure 7 shows the relationship between expð=4Þ and 0.2% proof strength in Cu-5 at% Zr under cold drawing. Linear relationship between expð=4Þ and 0.2% proof strength in the figure can be considered to indicate that strength in Cu-5 at% Zr alloy under cold drawing can be reasonably explained by the refining and work hardening effect in a similar manner for the strength of cold drawn pearlite. Figure 8 shows the tensile stress-strain curve (a) and the corresponding SEM fractographs (b), (c) of cold drawn Cu-5 at% Zr alloy at ¼ 3:6. As shown in tensile stress-strain curve [ Fig. 8(a) ], the high work hardening ratio indicated by the dotted line can be apparently seen at and from the stress of 550 MPa. Considering that tensile strength of cold drawn Cu-0.1 at% Zr at ¼ 2:25 reported by Saarivirta 11) is 578 MPa, the region of high work hardening ratio demonstrated by dotted line in Fig. 8(a) is expected to be attributed to the effect of the plastic deformation in Cu ss phase. In addition, the plastic deformation more than 1% is observed. Correspondingly, the slight necking around the fracture surface [ Fig. 8(b) ] and equiaxed dimples [ Fig. 8(c) ] shown by an arrow in the fractographs indicate the fracture of cold drawn Cu-5 at% Zr alloy occurs in a ductile manner. As mentioned above, cold drawing on the electrical and mechanical properties in Cu-5 at% Zr alloy, we can say as follows: The cooperative plastic deformation for both phases of Cu ss and Cu 9 Zr 2 occurs under drawing process, and cold drawing causes the connection of the microstructure for individual phase parallel to the drawing direction, thereby enhancing the electronic transmission in Cu ss phase and electric conductivity in Cu-5 at% Zr alloy. Strength increases with increasing cold drawing ratio. This effect is quantitatively explained by the effect of work hardening and the refinement of microstructure. Thus, cold drawing of Cu-5 at% Zr alloy is effective for achieving the high electrical conductivity and high strength simultaneously.
Summary
Electrical-and mechanical properties in cold drawn Cu-5 at% Zr alloy were examined as a function of the drawing ratio. Microstructure by cold drawing caused fine fibrous elongated structure with the alternating phases Cu ss and Cu 9 Zr 2 parallel to the drawing direction. The fiber size decreased with increasing the drawing ratio. Electrical conductivity increases by cold drawing up to ¼ 5:9 as compared with that for the as-cast state, whose relative electrical conductivity is 24 %IACS. The %IACS shows a maximum value of 36% IACS at ¼ 2:2. It is concluded that microstructural change from dendritic structure to net-liked elongated structure of Cu ss phase by cold drawing enhances the electrical conductivity. Strength increased with increasing the drawing ratio ( 0:2 ¼ 466 MPa for the as-cast specimen, 0:2 ¼ 1205 MPa for the cold drawn specimen at ¼ 5:8). The increase of strength by cold drawing can be reasonably explained by the effect of work hardening and the refinement of microstructure. Thus, the combination of high electrical conductivity of 31$36% IACS and high tensile strength of 1113$1798 MPa was achieved in Cu-5 at% Zr alloy by cold drawing.
